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Determination of bromophenols as dioxin precursors in combustion
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Abstract

Extruded polystyrene (XPS) is often treated with hexabromocyclododecane (HBCD) as fire retardant (FR). Because of its aliphatic struc-
ture, HBCD is not suspected to cause formation of polybrominated dioxins upon combustion. Precursors of polybrominated dioxins, namely
bromophenols, were detected during tubular furnace combustion experiments of FR-XPS in combination with sorptive enrichment on poly-
dimethylsiloxane followed by on-line thermal desorption-capillary GC/MS. The highest concentration of mono- and tribromophenols detected
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ere 85.9 and 3.7 mg kg, respectively, at a temperature of 700C, while a temperature of 500C yielded the highest concentration of
romophenols namely 10.4 mg kg−1. At a combustion temperature of 900◦C no bromophenols were detected.
2004 Elsevier B.V. All rights reserved.
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. Introduction

For several decades, flame-retardants (FRs) are added
o consumer products for several decades in a successful
ffort to reduce fire-related injury and property damage.
rominated flame-retardants (BFRs) are presently most fre-
uently used, because of their low cost and high perfor-
ance efficiency. Concerns for this emerging class of chem-

cals have, however, risen because of their occurrence in
he environment and in human biota. In addition, forma-
ion of hazardous products upon thermal degradation of
hese substances has been stated. In particular, fires involving
olymeric materials containing BFRs, with aromatic moi-
ties, are suspected to lead to the formation of brominated
olyaromatic compounds such as polybrominated dioxins

1–3].
There are five major classes of BFRs namely brominated

isphenols, diphenyl ethers, cyclododecanes, phenols and ph-
alic acid derivatives. The first three classes represent the
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highest production volumes. In fact the five overwhelm
BFRs on the market at the moment are tetrabromobis
nol A (TBBPA), hexabromocyclododecane (HBCD) a
three commercial mixtures of polybrominated diphenylet
(PDBEs). At present, the use of BFRs in general is hi
dynamic because of the ongoing debates in many cou
concerning their risk to wildlife and humans and whe
their use should be phased out[1,4,5].

The present research was concentrated to HBCD. H
is a non-aromatic, brominated cycloalkane used primari
an additive flame retardant in plastic materials, textiles
electronics. HBCD has to some extent replaced the usa
PDBEs in several applications. Its total production was a
15,900 ton in 1999 and Europe accounts for 56% of the
global use. This makes HBCD a relatively minor contribu
to the total BFR economy. The European market shar
HBCD is, however, significantly higher than for other BF
where Europe only accounts for about 10–15% of the gl
consumption. Extruded polystyrene (XPS), mainly use
an insulating building material, is the main product, tha
flame retarded with HBCD. All European XPS contains ab
E-mail address:pat.sandra@ugent.be (P. Sandra). 1–2% HBCD[4].
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Because of its aliphatic nature, HBCD is not suspected to
be a source of brominated aromatic species upon combustion.
However, to the best of our knowledge, the interaction of the
thermal decomposition products of HBCD and polystyrene
has not been studied. To this purpose, samples of FR-XPS
were combusted in a tubular furnace and the combustion
gases were trapped using tubes packed with polydimethyl-
siloxane (PDMS) particles followed by thermal desorption-
capillary GC/MS. This methodology, applying a moveable
tubular furnace over a quartz tube containing the sample, is
commonly used for the quantitative analysis of combustion
gases[6] while sorptive extraction on PDMS has proven to
be superior over adsorptive extraction for the analysis of both
apolar and polar solutes from gaseous samples[7–9]. Special
attention was given to the detection and quantification of bro-
mophenols which are known precursors of polybrominated
dibenzodioxins and dibenzofurans[10].

2. Experimental

2.1. Sampling

A set-up composed of a tubular furnace (MTF10/25/130,
Carbolite, Hope Valley, UK) on a moveable plateau, a 1 m
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2.2. Thermal desorption capillary GC/MS

The sorbent tubes were desorbed thermally using a TDS-2
thermal desorption unit from Gerstel. The thermal desorption
unit was heated from 50 to 300◦C at 60◦C min−1 with an
initial time of 1 min and a final time of 5 min. Compounds
were swept towards a programmed temperature vaporising
injector (PTV-Gerstel) at 100 ml min−1 and trapped at a tem-
perature of−150◦C in an empty baffled liner. When des-
orption was completed, the PTV-injector was heated from
−150 to 300◦C at 12◦C s−1. All samples were injected at a
1/100 split ratio, except for the Bunsen experiment for which
a 1 min splitless time was applied. The TDS-2 was mounted
onto a 6890 GC-5973 MSD (Agilent Technologies, Little
Falls, DE, USA). The MSD was used in the electron impact
mode (70 eV) generating full scan spectra between 50 and
450 amu. Peak identification was performed using the Wiley
sixth edition mass spectral data library. Quantitative data on
bromophenols were recorded using the following mass win-
dow settings: for 2-bromophenol retention time and mass
window 3–10 min, 160–185m/z, respectively, quantification
ion 172; for 2,6-brompophenol retention time and mass win-
dow 10–13 min, 245–260m/z, respectively, quantification ion
252 and for 2,4,6-tribromophenol retention time and mass
window 13–30 min, 325–340m/z, respectively, quantifica-
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uartz tube and an electromotor was used (Fig. 1). Com-
ressed air (Messer, Machelen, Belgium) was used as
ustion gas at a steady flow of 500 ml min−1, using a flowme
er (Aalborg-Alltech, Lokeren, Belgium). The set-up allow
he oven to move at 1 cm min−1 over the polymer samp
n a direction opposite to the airflow, thus limiting cond
ation effects. In this way, the set-up mimics DIN 53
Deutsches Institut für Normung)[11]. The inside tempe
ture of the quartz tube was measured using a thermoco
llowing accurate temperature regulation and measure
he combustion effluent was directly sampled for 20 min
polydimethylsiloxane sorbent tube obtained from Ge
mbH (Mülheim a/d Ruhr, Germany). The sorbent tu

17.6 cm× 4 mm i.d.) contained 300 mg of particulate po
imethylsiloxane material with an average particle siz
mm.

ig. 1. Overview of the tubular furnace set-up and photographs show
ront (A) and side view (B) on the tubular furnace.
,

ion ion 330. The scan speed was 30 scans s.
Separation was performed on a HP-5MS fused silica

llary column (Agilent Technologies, Little Falls, DE, USA
0 m× 0.25 mm i.d., 0.25�m df . Carrier gas was helium s
t a constant flow of 1.2 ml min−1. The oven was programm

rom 40◦C (1 min) to 300◦C (1.5 min) at 10◦C min−1. For
uantification of the individual bromophenols, standard

utions were prepared, ranging from 10 to 1000 mg l−1 for
ono- and dibromophenol and solutions ranging from

o 140 mg l−1 for tribromophenol in dichloromethane (Bi
olve, Valkenswaard, The Netherlands). 2-Bromophe
,6-dibromophenol and 2,4,6-tribromophenol were obta

rom Fluka (Buchs, Switzerland). One microliter of the so
ions was injected onto PDMS tubes and subsequently
rbed.

. Results and discussion

Due to its aliphatic structure hexabromocyclododec
s less suspected, compared to “aromatic moiety ” con
ng flame-retardants, to lead to the formation of bromin
oxic substances when undergoing thermal degradation
iminary combustion experiments of FR-XPS, however, i
ated the presence of various brominated aromatic spec
he combustion gases (Fig. 2). In these experiments extrud
olystyrene samples were exposed to a Bunsen flame a
ombustion gases formed, were actively sampled on a P
ube. The Bunsen flame gave temperatures between 70
00◦C with a non-uniform distribution of heat around
olystyrene sample. This can be deducted from the burn
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Fig. 2. Combustion products formed upon FR-XPS Bunsen exposure (A), 5 min sampling at 500 ml min−1 on PDMS, desorption and analysis conditions see
text; (B) extracted ion chromatogram (172, 196, 252, 330m/z) indicating the various brominated species formed: 2-bromophenol (1), benzylbromide (2),
1-allyl-2-bromobenzene (3), 2,4-dibromophenol (4), 2,6-dibromophenol (5), 2,4,6-tribromophenol (6).

tern shown inFig. 2A. Precursors of brominated dioxins such
as bromophenols[10] were easily identified.Fig. 2B shows
the ion-extracted chromatogram (IEC) at 172, 196, 252 and
330m/z in which the following brominated compounds are
depicted: 2-bromophenol and benzylbromide (172m/z), 1-
allyl-2-bromobenzene (196m/z), 2,4-and 2,6-dibromophenol
(252m/z) and 2,4,6-tribromophenol (330m/z).

No relationship between bromophenols and hexabromo-
cyclododecane upon thermal degradation was described in
the literature. Studies by Barontini et al.[12–14]on the ther-
mal decomposition products of HBCD, indicated that the
compound is thermally instable at relatively low tempera-
tures (230◦C) and that, when heated in air, the main decom-
position product is hydrogen bromide, corresponding up to
58% of the total HBCD weight or up to 78% of its bromine
content. Various other brominated organic species were pro-
duced next to hydrogen bromine. However, no oxygenated
brominated organics, such as bromophenols, or other dioxin
precursors, were identified.

The high yield of hydrogen bromide reflects the fire re-
tardant properties of HBCD according to the flame poison-
ing mechanism. In this mechanism, hydrogen bromine reacts
with the partial oxidation products in the gas phase, ultimately
leading to flame extinction, hence flame poisoning. There is a
general consensus that hydrogen bromide interacts with high
e getic
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nents. To this purpose amounts up to grams are introduced
in the DIN furnace and grab sampling or split sampling is
performed using adsorbents as trapping material[6]. In this
work, however, it was the intention to detect minor compo-
nents formed during combustion. Due to the low concentra-
tion of bromophenols in the combustion gases an adapted
analysis methodology was developed. Directly connecting
the exhaust to a PDMS tube followed by split thermal des-
orption allowed to effectively transfer the trapped bromophe-
nols. The use of mass spectroscopic windows was preferred
above single ion monitoring, because it allows bromine iso-
tope differentiation, which in turn enhances identification.

In each combustion experiment only 10 mg of XPS was
used. In order to investigate the breakthrough of bromophe-
nols on PDMS, an XPS sample was combusted at 700◦C. and
a second PDMS tube was added to the sampling set-up and
consequently desorbed in splitless mode. No bromophenols
were detected in the second tube.

In order to quantify the bromophenol concentrations given
off under combustion conditions, calibration graphs were
made using standard injections directly onto the PDMS tubes.
A relative standard deviation of less than 10% was found for
each of the selected bromophenols (n= 6) indicating the re-
peatability of analysis. A linearity factor greater than 0.99 was
obtained for each component. The limit of detection based on
t .5 ng,
f nol,
r nd
1 n for
m l, re-
s PS
w 300,
5
s

and
t nses
r ange
o the
f em-
p f di-
nergy O, H and OH radicals, reducing them to less ener
r radicals[15]. This mechanism can, however, cause h
enation to take place, as suggested by Kanters et al.[16],
ho studied the bromination of phenols when combuste

he presence of hydrogen bromide. The obtained data
ow this mechanism, which suggest that the interactio
PS decomposition products, containing phenol and o
romatic structures[17], and bromine radicals produce n
rominated species.

To investigate this phenomenon quantitatively in func
f temperature FR-XPS was combusted in a tubular furn
he use of a DIN furnace set-up provides combustion sim

ion and a reproducible combustion gas atmosphere, allo
uantitation of individual compounds of interest. In gen

his approach is used to identify major degradation com
he standard deviation was determined as 0.07, 0.2 and 0
or monobromophenol, dibromophenol and tribromophe
espectively. A limit of quantitation (LOQ) of 0.2, 0.6 a
.8 ng was calculated based on the standard deviatio
onobromophenol, dibromophenol and tribromopheno

pectively. The formation of bromophenols from FR-X
as monitored at four different temperatures, namely
00, 700 and 900◦C. The results are denoted inTable 1and
hown inFig. 3.

All combustion experiments were repeated six times
he relative standard deviation of the bromophenol respo
emained below 12%. Concentrations found, are in the r
f milligrams per kilogram. The results indicate a rise in

ormation of monobromophenol when the combustion t
erature increases while the maximum concentration o
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Table 1
Quantitative results for bromophenols in the combustion gases of FR-XPS

Temperature

300◦C ±S.D. 500◦C ±S.D. 700◦C ±S.D.

Monobromophenol 3.0 0.2 31.1 2.7 85.9 2.7
Dibromophenol 2.5 0.1 10.4 1.1 7.1 0.7
Tribromophenol 1.3 0.1 3.7 0.1 3.7 0.2

All concentrations are expressed as milligrams bromophenol per kilogram
FR-XPS.

bromophenol is already reached at 500◦C. The general con-
centration of tribromophenol remains low even at increas-
ing temperatures. At a temperature of 900◦C none of the
bromophenols was detected, indicating that the formation of

F
t
b
D
s

bromophenols is hindered. It seems that the decomposition
of the combustion products has the upper hand over the gas
phase formation of bromophenols at these high temperatures.

The formation of bromodioxins was not investigated in the
present study. The formation of dioxins from bromophenols
has, however, been intensively studied. Borojovich et al.[18]
indicated that short-term exposures of brominated phenols
yield brominated dibenzodioxins and some furans. Evans
and Dellinger[19] investigated the mechanism of dioxin for-
mation from the pyrolysis of 2-bromophenol. Sidhu et al.
[20] further indicated a maximum yield of 25% for the gas
phase formation of tetra-brominated dioxin isomers from
2,4,6-tribomophenol. From this figure, a theoretical maxi-
mum yield, based on 3.7 mg kg−1 at 700◦C, of ca. 0.9 mg
tetra-brominated dioxin from 1 kg of FR-XPS (0.9 ppm) can
be calculated. Most probably this yield will be lower due to
the presence of other reactive organic species with which tri-
bromophenol can react. It is, however, highly probable that
various brominated dioxin isomers will be formed and this
is the subject of present studies using the MS in the negative
chemical ionisation mode.

4. Conclusion
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ig. 3. Extracted ion chromatograms at 172, 252 and 330m/z, respec-
ively corresponding with monobromophenol (1), dibromophenol (2), tri-
romophenol (3); response corresponding with 1 ng standard injection (A);
IN combustion run at 300◦C (B), 500◦C (C) and 700◦C (D), conditions
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Hexabromocyclododecane (HBCD) when used as fl
etardant in polystyrene forms various bromophenols u
ombustion. This formation seems to be inherent to the fl
etardant mechanism of HBCD. The data presented, su
hat the use of halogenated flame retardants should no
e scrutinised from their inherent ability to form halogena
ioxins in thermal decomposition reactions, but that an

eraction with the polymer breakdown products which co
ead to the formation of well known dioxin precursors s
s halogenated phenols should also be taken into ac
hen evaluating the impact of BFR-treated materials on
nvironment.

cknowledgement

K. Desmet thanks the Institute for Scientific Technolo
landers, Belgium for a study grant.

eferences

[1] L.S. Birnbaum, D.F. Staskai, Environ. Health Perspect. 12 (200
[2] S. Kemmlein, O. Hahn, O. Jann, Atmos. Environ. 37 (2003) 54
[3] R. Weber, B. Kuch, Environ. Int. 29 (2003) 699.
[4] M. Remberger, J. Sternbeck, A. Palm, K. Strömberg, Chemosphe
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